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Unlike most transforming growth factor-β (TGF-β) superfamily members, Vg1 has been shown not to produce gross phenotypic alterations in
Xenopus embryos when overexpressed by mRNA injection. Experiments with artificial chimeric constructs and a recently identified second allele
of Vg1 suggest that this may be due to unusually stringent requirements for proteolytic processing. We provide biological and biochemical
evidence that cleavage by two distinct proteolytic enzymes is required for effective activation of Vg1. We demonstrate a tightly restricted overlap
in expression patterns of Vg1 with the proteases required to release the mature peptide. The data presented may account for the long-standing
observation that the vast majority of Vg1 protein, in vivo, is present in its unprocessed form. Taken together, these observations provide a plausible
mechanism for local action of Vg1 consistent with requirements imposed by current models of pattern formation in the developing body axis.
Published by Elsevier Inc.Keywords: Vg1; Proprotein convertases; BMP processing; Mesoderm formationIntroduction
The bone morphogenetic proteins (BMPs; for reviews see
Derynck and Zhang, 2003) and other TGF-β superfamily
members comprise a large class of cystine knot-containing
homo- or heterodimeric proteins that are processed by
subtilisin-like proprotein convertases (SPCs; Seidah and
Chretien, 1999) to yield mature, secreted signaling molecules.
The proteolytic cleavage occurs at a characteristic RXXR site
(sometimes called the “canonical” proteolytic processing site)
that divides the mature peptide from the amino-terminal “pro”
region. Several studies have examined the cleavage require-
ments of different members of the TGF-β superfamily. SPC1,
also known as Furin, enhances the processing of TGF-β1
(Dubois et al., 1995). SPC1 and SPC4, also known as PACE4,
are necessary and sufficient to promote Nodal maturation (Beck
et al., 2002). Furin, SPC4, SPC6, or SPC7 can process BMP4⁎ Corresponding author.
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doi:10.1016/j.ydbio.2007.07.032(Cui et al., 1998), and SPC4 has been shown to process of Xnr1,
2, and 3, and Vg1 (Birsoy et al., 2005). Moreover, several
BMPs are co-expressed with different members of the SPC
family. BMP2, 4, and 7 are co-expressed with SPC4 in the
primitive heart, in the apical ectodermal ridge of developing
limb buds, and in the interdigital mesenchyme of embryonic
limbs (Constam et al., 1996). During neural tube patterning,
SPC6 co-localizes with BMP4 and BMP7 in the dorsal surface
ectoderm, whereas SPC4 is co-expressed with BMP6 in the
floor plate (Constam et al., 1996).
Though injection of mRNAs encoding Vg1 is without effect
in Xenopus laevis patterning assays (Tannahill and Melton,
1989), Vg1 has been implicated in the induction of mesoderm
(Dale et al., 1993; Thomsen and Melton, 1993; Kessler and
Melton, 1995), and in establishing left–right asymmetry (Hyatt
et al., 1996; Hyatt and Yost, 1998). More recently, it has been
shown that Vg1 depletion causes gastrulation delay and axial
defects at tailbud stages (Birsoy et al., 2006). To be involved in
these processes requires Vg1 expression and activation at
specific times and locations.
In amphibians, the Nieuwkoop center is a region in the dorsal
vegetal endoderm that plays an essential role in inducing
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(Nieuwkoop, 1969). The underlying mechanism is thought to
involve a combination of Wnt/catenin and TGF-β signals that
cooperate in mesoderm formation and establishment of the
dorsal organizing center (Cui et al., 1996; Zorn et al., 1999;
Skromne and Stern, 2001). Vg1 has long been considered a
likely candidate for the TGF-β signal (Weeks andMelton, 1987,
Thomsen and Melton, 1993; Kessler and Melton, 1995;
Harland, 1991; Joseph and Melton, 1998; Joubin and Stern,
2001; De Robertis et al., 2000) and a recent loss-of-function
study (Birsoy et al., 2006) lends strong support to an essential
role for Vg1 in mesoderm induction. However, attempts to
identify significant amounts of endogenous, mature Vg1 protein
in the embryo were unsuccessful (Tannahill and Melton, 1989;
Birsoy et al., 2006). Though predicted in the earlier reports, a
mechanism for discretely localized processing of Vg1 to its
mature form has remained elusive.
Vg1 has the putative proteolytic cleavage recognition
sequence RRKR; of all known TGF-β superfamily members,
only CDMP1/GDF5 shares this sequence (Thomas et al., 2006).
These are also the only two BMP homologs that, when
overexpressed by mRNA injection, have not shown effects on
gross phenotype in Xenopus patterning assays. Mutation of the
RXXR site of CDMP1/GDF5 to RRRR or co-expression with
Furin plus SPC6 results in a significant increase in its biological
activity (Thomas et al., 2006). Conversely, co-expression of
CDMP1/GDF5 with Furin or SPC6 alone did not (Thomas
et al., 2006). We therefore evaluated the possibility that similar
stringent constraints on proteolytic processing of Vg1 may
serve to localize its field of effect, thus meeting conditions
required by current models of axial patterning.Fig. 1. Vg1 processing is enhanced by modification of the canonical cleavage
site. (A) Amino acid sequences surrounding the consensus RXXR cleavage sites
for Activin A, Vg1, and CDMP1/GDF5 precursors. The boxed residues
illustrate the sequence shared by CDMP1/GDF5 and Vg1. (B) Morphology of
representative animal caps showing anatomical changes characteristic of
convergence and extension in caps injected with Vg1 K→R mutant and
BVg1 mRNAs. (C) RT-PCR analysis of animal cap explants for mesodermal
markers. Xenopus embryos at the one cell stage were injected at the animal pole
with mRNAs for either GFP (200 pg) as control, Vg1-wt (200 pg), Vg1 K→R
mutant (200 pg), or BVg1 (60 pg). Animal caps, removed when the embryos
reached stage 9, were cultured in 0.5× MMR until sibling, noninjected embryos
reached stage 24. Histone H4 was analyzed to demonstrate that equivalent
amounts of template were used for each amplification. Similar results were
obtained in three separate experiments.Results
Biological activity of Vg1 depends on proteolytic processing
The RXXR sequence for the highly active TGF-β super-
family member Activin (RRRR) differs by only one amino acid
from that of Vg1 and CDMP1/GDF5 (Fig. 1A). We therefore
engineered a K→R point mutation into Vg1 to change its
cleavage site to RRRR. Overexpression of the Vg1 K→R point
mutant in animal cap explants induced mesoderm, as indicated
by elongation of the caps (Fig. 1B) and induction of molecular
markers (Fig. 1C). BVg1 (see Materials and methods for
construct details), included as a positive control, produced a
similar but markedly stronger response. These results support
the idea that the RRRR sequence can be acted upon by
endogenous proteases, but the RRKR sequence cannot.
Co-expression of Vg1 and SPCs in vivo
Furin, SPC4, SPC6, and SPC7 have been shown previously
to be maternal transcripts that continue to be expressed
throughout early development (stages 1 to 10, Thomas et al.,
2006). We compared the spatial expression patterns of these
mRNAs with that of Vg1 by hybridization in situ. For single-label colorimetric analyses in whole mounts, Vg1, Furin, SPC4,
and SPC6 mRNA expression was examined in stage 9
hemisected embryos (Fig. 2). As expected, Vg1 expression
was restricted to the vegetal hemisphere (Fig. 2A). In contrast,
Furin and SPC6 expression was localized predominantly in
the animal region with some expression extending vegetally
(Figs. 2B, D). SPC4 expression was more widespread, being
detectable in both hemispheres (Fig. 2C), with the highest level
Fig. 2. Spatial distribution of Vg1 and SPCs in whole-mount hemisected stage 9 Xenopus blastulae. (A) Vg1, (B) Furin, (C) SPC4, (D) SPC6. Embryos are not oriented
specifically.
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region (Fig. 3). In contrast to paraffin sections, it should be
noted that, in hemisected embryos, the volume of vegetal tissue
expressing SPC4 is much greater than in the animal region,
affording the appearance of increased staining, consistent with a
previous report (Birsoy et al., 2005). To determine whether Vg1
mRNA co-localized with that of any SPCs, Vg1 and each SPC
were analyzed pairwise, using double-label fluorescent hybri-
dization in situ, on serial paraffin sections of stage 9 Xenopus
embryos (Fig. 3). Vg1 expression overlapped that of Furin,
SPC4, and SPC6 in a small number of cells within the dorsal
vegetal endoderm (Fig. 3), a location corresponding to the
Nieuwkoop center. The dorsal location was confirmed by
probing adjacent sections with cRNA for Siamois (Fig. 3),
which is expressed at this site (Lemaire et al., 1995). In contrast,
Xenopus SPC7 was detected in a few distinct blastomeres near
the animal pole of the embryo (not shown). Since its expression
was far removed from that of Vg1, it was not considered a
candidate for Vg1 processing.
Combinations of SPCs release mature Vg1
Xenopus laevis has been shown to have two Vg1 alleles
(Birsoy et al., 2005, 2006). One allele contains a proline at
position 20 (Vg1 P20), whereas the other contains a serine (Vg1
S20). Since it has been reported that Vg1 S20 shows improved
processing efficiency, the following experiments were per-
formed using both alleles to examine the processing require-
ments of each. Xenopus embryos at the one cell stage were
microinjected at the animal pole with mRNAs for Vg1 (Vg1P20 or Vg1 S20) and various SPCs. Animal caps removed at
stage 9 and cultured until stage 24 were analyzed for evidence
of mesoderm formation. Explants from Xenopus embryos
injected with mRNAs encoding wild-type Vg1 P20 (Figs. 4A,
C, E) or wild type Vg1 S20 (Figs. 4B, D, F), and either Furin
plus SPC4 (Figs. 4E, F) or Furin plus SPC6 (not shown) were
elongated. Co-expression of Vg1 and either SPC4 (Figs. 4C, D)
or SPC6 (not shown) alone produced only very mild phenotypic
responses.
We evaluated induction of brachyury, Wnt8, and collagen
by Vg1 with or without SPCs in animal cap explants by RT-
PCR (Fig. 5A). Overexpression of either Vg1 allele alone did
not induce these markers; co-expression of each Vg1 allele
with SPC6 alone (Fig. 5A) was similarly without effect. Co-
expression of either Vg1 allele with Furin or SPC4 alone or
with SPC4 plus SPC6 produced only weak marker induction
(Fig. 5A). In contrast, a strong synergistic effect was
observed in caps co-expressing Vg1 with Furin and SPC4
or with Furin and SPC6 (Fig. 5A). Additional synergism was
not apparent in caps expressing Vg1 and all three SPCs (Fig.
5A). None of the proteases or protease combinations induced
markers in the absence of injected Vg1 mRNA (not shown).
Using the assays presented in Figs. 4 and 5, differences in
proteolytic processing between the two Vg1 alleles were not
observed.
To confirm biochemically that combinations of proteases
enhance conversion of Vg1 to its mature form, Vg1 was co-
expressed with protease combinations in Xenopus oocytes. In
these experiments, a T7 tag was introduced C-terminal to the
RXXR cleavage site, and N-terminal to the first cysteine of the
Fig. 3. Spatial distribution of Vg1 and SPCs in sections of stage 9 Xenopus blastulae. Panels show Vg1 expression in red and Furin, SPC4, and SPC6 in green. The
double-label images indicate the specific overlapping expression patterns of Vg1with Furin, SPC4, and SPC6 (indicated by white arrows) on the dorsal–vegetal side of
the embryo, in the region of the Nieuwkoop center. Adjacent sections were probed with Siamois to confirm dorsal–ventral orientation of the embryos.
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of both unprocessed and mature peptides could be detected
by immunoblot analysis. Animal cap assays performed with
either tagged or wild-type Vg1 mRNAs produced similar
results when co-injected with SPCs (not shown), demonstrat-
ing that the tag did not significantly affect Vg1 activity. The
molecular weights for pro-Vg1-T7 (45 kDa) and mature Vg1-
T7 (16 kDa) were calculated. The pro-form of Vg1 could be
detected in oocyte supernatants for all treatments (Fig. 5B).
However, Vg1 mature peptide could be detected only when
mRNAs encoding both Furin and SPC6 were co-injected with
the growth factor messages (Fig. 5B). Similar results were
obtained with Vg1 and the combination of Furin and SPC4
(not shown). Additional immunoreactive bands corresponding
to partially processed peptides migrated above the mature
form of Vg1.
Evidence for cell autonomous processing of Vg1
In many experimental systems, BMPs are processed
intracellularly following translation, suggesting that interactions
between Vg1 and various SPCs might be cell autonomous. To
address this issue, we conjugated animal caps from embryos
injected with Vg1 with caps derived from embryos injected withFurin and SPC6 mRNAs. These were compared to conjugated
caps from embryos in which the growth factor and protease
mRNAswere co-injected. Caps were analyzed by RT-PCRwhen
sibling embryos had reached stage 24. As expected, Brachyury,
Goosecoid, and N-CAM were readily detectable in caps co-
injected with Vg1 and proteases, whereas these markers were
undetectable in the separately injected conjugates (Fig. 5C).
Vegetal injection of Furin and SPC6 mRNA rescues anterior
dorsal structures in UV-irradiated Xenopus embryos
For SPC enzymes to activate Vg1 prior to gastrulation, the
necessary mRNAs should be present maternally. Vg1 mRNA
is present as a maternal transcript (Weeks and Melton, 1987)
as are Furin, SPC4, SPC6, and SPC7 (Thomas et al., 2006).
Following fertilization, cortical rotation is necessary for the
activation of Vg1 (Thomsen and Melton, 1993). Perturbation
of cortical rotation by exposure of fertilized eggs to UV light
results in complete ventralization of resulting embryos, which
can be rescued by injection of BVg1 (Thomsen and Melton,
1993). The spatial expression patterns of the SPCs and Vg1
(Fig. 3) suggested a discrete overlap of Furin/SPC4/6 and
Vg1 expression, which could result in a high local concentra-
tion of active Vg1 within the presumptive Nieuwkoop center.
Fig. 4. Morphology of representative animal caps following injection with Vg1 alleles, Furin, and SPC4. (A, C, E) Explants from Xenopus embryos injected with
mRNA (200 pg) encoding Vg1 P20 or (B, D, F) Vg1 S20. (A, B) Vg1alleles only. (C, D) Vg1 alleles plus SPC4 (600 pg) only. (E, F) Vg1 alleles plus Furin (300 pg)
and SPC4 (300 pg), showing anatomical changes characteristic of convergence and extension. Animal caps explanted at stage 9 were cultured to stage 24.
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Furin and either SPC4 or SPC6 into single blastomeres of UV-
irradiated 4 and 8 cell stage Xenopus embryos. UV-treated
embryos were ventralized completely (Fig. 6B), whereas those
injected with mRNAs for Furin and SPC6 (Figs. 5C, D), or
Furin and SPC4 (not shown) showed either partial (DAI=2–3)
or complete rescue (DAI=4–5) of dorsal axial structures. In
contrast, vegetal injection of single SPCs produced weaker
responses (Supplementary Fig. 1). The distribution of DAI
scores for a representative experiment is shown in Fig. 5E.
The spatial distribution of Vg1 mRNA in UV-irradiated stage
9 Xenopus embryos was more restricted vegetally than in
controls (Fig. 5F), whereas expression of Furin, SPC4, andSPC6 appeared similar in irradiated and control embryos (not
shown).
The results obtained above prompted the question of
whether processing of endogenous Vg1 is sufficient to rescue
dorsalized structures in the absence of β-catenin. It is known
that dorsal structures do not form in the absence of β-catenin,
but it is not known whether this is correlated to an absence of
Vg1 processing. We tested this by co-injecting embryos at the
two-cell stage with SPCs and a β-catenin antisense morpholino
oligonucleotide. Consistent with previous data (Heasman et al.,
2000), vegetal injection of 10 ng of β-catenin morpholino
into each blastomere at the two-cell stage produced em-
bryos lacking dorsal structures. Co-injection of the β-catenin
Fig. 5. RT-PCR analysis of animal caps and immunoblot analysis of oocytes injected with Vg1 and combinations of SPCs. (A) RT-PCR analysis of animal cap
explants for mesodermal markers. Xenopus embryos at the one cell stage were injected at the animal pole with mRNAs for either GFP (200 pg) as control or
either Vg1 (200 pg) or Vg1 S20 (200 pg) and the following combinations of SPCs; Furin, SPC4, or SPC6 only (600 pg); Furin (300 pg) plus SPC4
(300 pg); Furin (300 pg) plus SPC6 (300 pg); SPC4 (300 pg) plus SPC6 (300 pg); Furin (200 pg), SPC4 (200 pg), and SPC6 (200 pg). Animal caps,
removed when the embryos reached stage 9, were cultured until sibling, noninjected embryos reached stage 24. Histone H4 was analyzed to demonstrate that
equivalent amounts of template were used. Similar results were obtained in three separate experiments. (B) Immunoblot analysis of secreted proteins
following mRNA injection of Xenopus oocytes. Xenopus oocytes (stage VI) were isolated, defolliculated, and injected with mRNAs encoding Vg1-T7
(25 ng), Vg1-T7 (25 ng)+Furin (25 ng), Vg1-T7 (25 ng)+SPC6 (25 ng) or Vg1-T7 (25 ng)+Furin (12.5 ng)+SPC6 (12.5 ng). Injected oocytes were
incubated at 18 °C for 24 h and oocyte supernatants were prepared for analysis as described in Materials and methods. Arrows indicate the locations of the
pro- and mature forms of Vg1-T7. Nonspecific staining of BSA is shown as a loading control. Similar results were obtained in three separate experiments.
(C) RT-PCR analyses of conjugated animal caps harvested at stage 9 and cultured to stage 24. Xenopus embryos were injected equatorially at the 4 cell stage
with mRNAs for either GFP (500 pg); Vg1 (200 pg)+GFP (300 pg); Furin (150 pg)+SPC6 (150 pg)+GFP (200 pg); Vg1 (200 pg)+Furin (150 pg)+SPC6
(150 pg); or BVg1 (200 pg)+GFP (300 pg). Conjugated animal caps were produced by combining individual caps obtained from embryos injected with the
same or different mRNAs.
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at 450 pg each) failed to produce any rescue of dorsal axes
(results not shown).
Discussion
Nearly all TGF-β superfamily members structurally similar
to the BMP subgroup that have been tested to date strongly
perturb embryonic patterning when overexpressed in Xenopus
embryos. Of those tested, only Vg1 and CDMP1/GDF5 do not
(Thomsen and Melton, 1993; Dionne et al., 2001; Thomas
et al., 2006). Sequence comparisons of the canonical RXXR
cleavage sites for different proteins in this class showed that
Vg1 and CDMP1/GDF5 have a common RRKR sequence
(Fig. 1A). Recently, we demonstrated that a combination of
Furin and SPC6 process CDMP1/GDF5 efficiently, whereas
individually they do not (Thomas et al., 2006). In vivo, the
expression of these proteases overlaps that of the growth factor
in a discrete zone at developing joint surfaces, the preciselocation of presumed GDF5 activity (Thomas et al., 2006). The
similarity in processing site between Vg1 and CDMP1/GDF5
suggested that a similar mechanism of control might be
operative for Vg1.
Previous work suggested that restricted proteolytic cleavage
of Vg1 may account for its inability to produce gross changes in
axial patterning when overexpressed by mRNA injection and
the inability to detect fully processed Vg1 protein in vivo
(Thomsen and Melton, 1993; Kessler and Melton, 1995).
Recently, a second allele of Vg1 with a P→S substitution
within the “pro” region of the protein at residue 20 (Vg1 S20)
was described (Birsoy et al., 2005, 2006). The authors report
this allele's ability to partially rescue a Vg1 morpholino
knockdown by injection of its mRNA into Vg1-depleted
oocytes. It was suggested that the S20 form of Vg1 may be
processed more efficiently than the allele described originally
(Vg1 P20). However, the Vg1 S20 rescue of the morpholino
knockdown was only partial, and no fully processed Vg1 S20
protein (Mr approximately 14 kDa) was demonstrated,
Fig. 6. Vegetal expression of Furin and SPC6 can restore a normal dorsal axis to UV-ventralized Xenopus embryos. UV-treated embryos were injected in a vegetal
blastomere at the 4 cell (B, D and E) or 8-cell stage (C). (A) Control noninjected, non-UV-irradiated stage 37/38 embryos. (B) UV-irradiated embryos injected with 1 ng
GFP mRNA showing DAIs of 0–2. (C) UV-irradiated embryos injected vegetally with 450 pg Furin and 450 pg SPC6 mRNA at the 8-cell stage showing DAIs ranging
from 2 to 3. (D) UV-irradiated embryos injected vegetally with 450 pg Furin and 450 pg SPC6 mRNA at the 4-cell stage exhibiting DAIs of 4–5. All embryos were
allowed to develop until control non-UV-treated embryos reached stage 37/38. The representative rescued embryos shown in panel D have anterior structures,
including eyes, cement gland, and neural crest-derived pigmented cells. (E) The frequency distribution of DAI scores for a representative experiment is shown, each
dot corresponds to a single embryo. These experiments were performed six times, in which 0/150 of the control, UV-irradiated embryos had a DAIN2. (F). Whole
mount hybridization in situ of Vg1 mRNA in hemisected control and UV-irradiated stage 9 Xenopus embryos.
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processing of Vg1. We therefore tested the possibility that more
than one SPC is required for optimal proteolytic cleavage of
Vg1. In animal cap explants, induction of Brachyury,
Goosecoid, and N-CAM, together with anatomical changescharacteristic of convergence and extension, was observed only
when wild type Vg1 (either allele) was overexpressed in the
presence of Furin and SPC4, or Furin and SPC6 (Fig. 5A). Our
results suggest that the RRKR cleavage site of Vg1 might
confer an especially stringent constraint on cleavage to its
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GDF5 (Thomas et al., 2006). This conclusion is supported
further by our biochemical confirmation that two SPCs are
required to facilitate Vg1 proteolytic processing (Fig. 5B).
The synergistic effect of two different SPCs on Vg1
remains to be explained. Our data conform to the concept of
sequential cleavage at two different sites, as described for
BMP4 (Cui et al., 2001; Fig. 2C). The exact location of a
second SPC cleavage site was not investigated in the present
study. However, some information can be obtained from
immunoblot analysis (Fig. 5B) based on the position of the T7
tag. The use of a T7 tag within a few residues of the amino
terminus of the mature peptide allowed the analysis of both
unprocessed and mature peptides. The mature peptide could be
identified unambiguously by the known location of the tag and
Mr. Since proteolysis within the intact cystine knot-containing
region of these proteins has never been observed, immuno-
reactive bands with higher Mr indicate cleavage amino terminal
to the canonical site. A partially processed form was observed
migrating approximately 2–3 kDa above the fully processed
Vg1. As there are no canonical BMP cleavage sites in this
region, the additional cleavage is likely at a noncanonical site.
SPCs can recognize and cleave at the general motif K/R–Xn–
K/R where n=0, 2, 4, or 6 and X is any amino acid except
cysteine (Seidah and Chretien, 1999). Examination of the Vg1
sequence shows two potential KK cleavage sites close to the
canonical RRKR site. Processing of Vg1 and CDMP-1 GDF5
can also be enhanced by changing the canonical cleavage site
from RRKR to RRRR (Fig. 1C and Thomas et al., 2006).
However, the effect is considerably more pronounced for
CDMP-1/GDF5, consistent with observations that the nature of
the pro-region is important for Vg1 processing (Dale et al.,
1993; Thomsen and Melton, 1993; Dohrmann et al., 1996;
Birsoy et al., 2006). The importance of the pro-region is further
supported by our observation that the Vg1 K→R point mutant
is considerably less potent than BVg1 in the assays we used.
Exactly which SPCs are responsible for Vg1 processing in vivo
is not known, but mRNA localization data suggest that Furin,
SPC4, and SPC6 could all be involved (Fig. 3). Depletion of
SPC4 (PACE4) in embryos expressing exogenous, HA-tagged
Vg1 results in a limited decrease in processing (Birsoy et al.,
2005), suggesting that SPC4 (PACE4) contributes to SPC
processing of Vg1. However, if SPC4 was the only SPC
involved in Vg1 processing, a much more dramatic decrease
would be expected, suggesting that some degree of redundancy
exists.
Current models of gastrulation call for the release of
mesoderm-inducing activity from cells located in the dorsal
vegetal endoderm (for reviews see De Robertis et al., 2000;
Moon and Kimelman, 1998). Over 10 years ago, localized
proteolytic processing of Vg1 was proposed to help direct
formation of the Nieuwkoop center (Thomsen and Melton,
1993), but no mechanism for such restricted processing has
been reported. We demonstrate overlapping expression of
Vg1, SPC4, SPC6, and Furin (Fig. 3), in a discrete region of
cells within the dorsal vegetal endoderm. This overlapping
expression is consistent with coordinated processing by theseproteases, whether the interactions are cell autonomous, as
suggested by our experiments with conjugated caps (Fig. 5C),
or not. Because Vg1 appears not to diffuse appreciably
beyond the cells that secrete it (Reilly and Melton, 1996), a
requirement for co-expression in the same cells would
promote highly localized accumulation of the mature growth
factor at high concentrations. This would provide an answer
to the long standing question of why the majority of the total
Vg1 protein in the embryo is unprocessed. Such highly
localized accumulation of a strong mesoderm-inducing signal
is consistent with current models of the Nieuwkoop center.
The model we present suggests a mechanism for release of
mature Vg1 protein in an anatomically discrete region of the
embryo within the dorsal vegetal endoderm, enabling it to act
in the creation of the Spemann organizer (Spemann and
Mangold, 1924).
The data presented are also consistent with a possible role
for cortical rotation in the activation of mature Vg1 (Thomsen
and Melton, 1993; Moon and Kimelman, 1998). In the absence
of cortical rotation, Vg1 mRNA is tightly restricted to the
vegetal pole of stage 9 Xenopus embryos (Fig. 6F) and does
not overlap with any SPC mRNAs. As a result, Vg1 would not
be processed, a Nieuwkoop center would not form, and
consequently dorsal axial structures would not develop.
Cortical rotation, therefore, could provide for a small zone to
be created in which Vg1 expression overlaps that of the SPCs,
resulting in localized expression of the mature protein. Our
finding that injection of Furin and SPC4 or SPC6 mRNAs
vegetally can rescue a complete dorsal axis in embryos where
cortical rotation is blocked by treating with UV-irradiation
(Fig. 6) supports such a hypothesis. Previous studies have
shown that other molecules known to rescue UV-irradiated
embryos, such as Xnr 1, 2, and 3 (Jones et al., 1995; Birsoy et
al., 2005) or BMP4 (Cui et al., 1998) are efficiently processed
by single SPCs. Therefore, if action of exogenous SPCs on any
of these proteins could achieve rescue comparable to that
observed with SPC combinations, it would be predicted that
injection of single SPC mRNAs into irradiated embryos at
saturating doses would suffice. This was not the case: single
SPCs injected into UV-irradiated embryos elicited only a weak
response compared to the SPC combination (Fig. 6). Vg1 is the
only known signaling molecule that both has the requisite
biological action and also demonstrated a synergistic require-
ment for two proteases to express its activity. We therefore
propose that the simplest explanation for axis rescue by
protease combinations is their action on endogenous Vg1.
There is significant evidence that Vg1 acts in concert with
Wnt signaling during early Xenopus development (Cui et al.,
1996; Crease et al., 1998; Zorn et al., 1999; Moon and
Kimelman, 1998). Consistent with this concept, in the absence
of β-catenin, SPC mRNA injections were not able to rescue
dorsal structures. This result contrasts with the ability of BVg1
to rescue β-catenin-depleted embryos when injected into the
dorsal equatorial region of 8–16 cell stages (Wylie et al., 1996).
The difference may lie in the greater processing efficiency of the
chimeric BVg1, allowing significantly higher concentrations of
active Vg1 protein to be achieved than are possible with native
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supported by our observation that although the K→R point
mutant and Vg1 plus SPC combinations produced effects on cap
morphology and marker induction, they were considerably
smaller than those observed with BVg1, regardless of the dose
evaluated.
In summary, critical events in patterning of both the joints
(Thomas et al., 2006) and body axis appear to be controlled in
part by the proteolytic processing requirements of key growth
factors. Tightly restricted overlap in the expression domains
of the growth factors and proteases could create sharply
limited zones of effect. The data presented are consistent with
previous observations regarding Vg1 processing and in
addition account for the limited processing of the molecule
observed in vivo. Taken together with the recent report of a
Vg1 allele that demonstrates improved proteolytic processing
(Birsoy et al., 2006), a plausible mechanism is presented for
the creation of a dorsalizing signal tightly localized to the
Nieuwkoop center that may provide, at least in part, a
molecular basis for its role in establishing the amphibian body
axis.
Materials and methods
Plasmids and probes
Xenopus Vg1 containing proline at position 20 (Vg1P20) was obtained as
IMAGE EST clone 3,472,800 in pBSRN3 (Research Genetics). It was
sequenced in both directions and found to contain a complete open reading
frame (with no Leu (CTG) to Met (ATG) mutation at amino acid position 4).
It was subcloned into pBluescript (pXVg1) and CS2 (CS2XVg1) as an
EcoRI–SpeI fragment encoding the complete open reading frame, 23 bp of 5′
UTR, and 68 bp of 3′UTR. A T7-tag was introduced into CS2XVg1 by first
introducing a SacI and EcoRI site immediately after the RXXR site and then
subcloning the SacI–EcoRI T7-tag fragment from CS2XGDF5 (Thomas et
al., 2006) to produce CS2XVg1-T7. A serine was substituted for proline at
position 20 by site directed mutagenesis to produce Vg1S20. Xenopus BVg1,
containing the pro-region and RXXR site of BMP2 and the mature Vg1
domain (Thomsen and Melton, 1993), was a gift from D. Kessler (University
of Pennsylvania). Xenopus Furin, SPC4, and SPC6 have been described
previously (Thomas et al., 2006). Xenopus SPC7, obtained as image clone
3,378,364, was sequenced and consisted of an ORF (2265 bp) within a
2598 bp insert in pBluescript. Full-length Xenopus Siamois in CS2, a gift
from D. Kessler, was subcloned into PCR4-TOPO for generating RNA
probes.
Oocyte injections and embryo manipulations
Enzymatically defolliculated oocytes were injected with up to 50 ng of
5′-Capped mRNAs and cultured in 50 μl of oocyte Ringer's solution (Kay,
1991) for 48 h in 96 well plates at a density of 5 oocytes per well before
harvesting.
Frogs and their embryos were maintained and manipulated using standard
methods (Gurdon, 1967, 1977; Sive et al., 2000). All embryos were staged
according to Nieuwkoop and Faber (1967) and Keller (1991). mRNA injection
experiments were performed by standard procedures as described previously
(Moos et al., 1995). Dorsal and ventral blastomeres were identified by size and
pigment variations (Nieuwkoop, 1969). Animal cap explants were cultured in
0.7× Marc's Modified Ringer's (MMR) solution containing 1 mg/ml BSA
(Sive et al., 2000). Embryos were ventralized 20 min after fertilization by
irradiating vegetal hemispheres with UV light (4×104 μJ/cm2) using an
inverted Spectrolinker™ (Spectronics Corp.). For conjugated animal cap
assays, animal caps were removed from stage 9 embryos, conjugatedimmediately, and cultured in 0.7 MMR until noninjected siblings reached
stages 17 or 24.
Perturbations of axial patterning were quantified by Dorso-Anterior Index
(DAI, Kao and Elinson, 1988). Darkfield images of embryos were pho-
tographed with low angle oblique illumination and a Zeiss Stemi-6 dissecting
microscope.
Immunoblotting
Oocyte media were collected after 18–48 h post injection, snap frozen on dry
ice, and stored at −80 °C until analysis. Oocytes were lysed by sonication on ice
in 40 mMTris base, 10 mM EDTA, and 1 mM phenylmethyl sulfonyl fluoride in
a volume of 10 μl/oocyte. Extracts were centrifuged at 20,000×g for 5 min.
Supernatants were extracted with an equal volume of 1,1,2-trichlorotrifluor-
oethane to reduce the vitellogenin content (Evans and Kay, 1991). SDS-PAGE
was done with Novex 10% Nu-PAGE gels using the MES buffer system.
Nonspecific staining of BSA added to the oocyte cultures served to confirm
consistent loading. Immunoblot analysis was performed using the mini-
PROTEAN II system (BioRad) and Immobilon™-P PVDF membranes
(Millipore). Tagged proteins were detected using T7 tag-HRP conjugated
monoclonal antibody (Novagen) and SuperSignal® West Femto Maximum
Sensitivity Substrate (Pierce).
RT-PCR
Separate pools of embryos or explants from at least two different
fertilizations were prepared and analyzed for each condition reported. Total
RNAwas prepared with Trizol™ and treated with DNA-free™ DNAse removal
reagent (Ambion). Reverse transcription was done using Thermoscript™
(Invitrogen) as described by the manufacturer, with 300 ng total RNA per
reaction; 2% of the cDNA obtained was used in each PCR. Amplification was
performed in 10 μl reactions containing 40 mM Tricine–KOH, pH 8.7, 15 mM
KOAc, 3.5 mM Mg(OAc)2, 0.375% bovine albumin, 2.5% Ficoll 400, 5 mM
cresol red, 200 μM dNTPs, 0.5 μM each primer, and 0.2 U Advantage® 2
polymerase (Clontech). Each cycle comprised 94 °C, 0 s; 55 °C, 0 s; 72 °C, 40 s;
a 1 min denaturation at 94 °C preceded cycling and a 2 min extension at 72 °C
was included after the final cycle. An Idaho Technologies air thermal cycler was
used in all experiments, allowing momentary (setting of ‘0 s’) dwell times at the
annealing and denaturation temperatures to increase amplification specificity.
Optimal cycle numbers and annealing temperatures were determined empiri-
cally for each primer set. PCR products were separated on 2% agarose gels in
TAE buffer, stained with SYBR Green 1™ (Molecular Probes, Eugene, OR)
and scanned using a Molecular Dynamics Fluorimager. PCR analysis was
performed at least twice for each cDNA and primer set to confirm that the
amplifications were reproducible. The Xenopus primers for Histone H4,
Brachyury, Cardiac Actin, Goosecoid, N-CAM, Wnt-8, and collagen II are
given in http://www.xenbase.org.
Hybridization in situ
cRNA probes were produced using MEGAscript T3, T7, or SP6 in vitro
transcription kits (Ambion), incorporating either digoxigenin or fluorescein.
For whole mount hybridization in situ on Xenopus embryos, procedures
outlined by Harland (1991) were followed, with modifications as described
(Moos et al., 1995). Paraffin sections (10 μm) were prepared for fluorescent
hybridization in situ using a standard protocol (Butler et al., 2001) with the
following modifications. Dewaxing was carried out in Clear-Rite 3 (Richard-
Allan Scientific, MI). A H2O2 step was included (0.5% for 20 min at RT) to
remove any endogenous peroxidase activity. Prior to hybridization, sections
were incubated for 30 min at 90 °C in 10 mM citrate buffer, pH 6.0, to enhance
antigenicity (Zaidi et al., 2000). Hybridization was performed at 60 °C
overnight in the presence of 1 μg/ml of each probe. For single-label
colorimetric detection, signals were developed using alkaline-phosphatase
conjugated antibodies to digoxigenin and BM-Purple (Roche). For double-
label fluorescent detection, probes were labeled with either fluorescein or
digoxigenin. An alkaline-phosphatase conjugated anti-fluorescein antibody and
a horseradish-peroxidase conjugated anti-digoxigenin antibody (Roche) were
138 J.T. Thomas, M. Moos Jr. / Developmental Biology 310 (2007) 129–139used in combination with Fast™ Red (Sigma) and tyramide fluorogenic
substrates with Alexa 488 as the reporter (Molecular Probes), respectively.
Confocal images were obtained using a BioRad Radiance confocal microscope
with a krypton–argon and blue diode.Acknowledgments
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